As we move through the world, the images on our retinae undergo complex patterns of motion. Gibson (1979) was the first to realise that these optic-flow patterns provide a rich source of information about both our movement through, and the three-dimensional structure of our environment. Optic flow can be broken down into three fundamental components: radial patterns (ie expansion or contraction towards the point of fixation, produced by motion in depth); uniform-translation patterns, generated by frontoparallel motion; and spiral patterns, produced by rotation (Koenderink and van Doorn 1976) . Normally, self-motion through the environment is a combination of several types of movement, so the resulting optic flow is a combination of these different patterns.
raising cats in an environment that contains only vertical lines results in those cats developing more cells tuned to vertical rather than to horizontal contours (Blakemore and Van Sluyters 1975) . Similarly, most people are more sensitive to horizontal and vertical lines compared to oblique lines (Appelle 1972) , which has been attributed to the predominance of vertical and horizontal contours in our environment (Annis and Frost 1973) . Based upon this notion of environmental shaping of sensitivities, and given that people predominantly walk forwards rather than backwards, it would seem reasonable to assume that we would have greater sensitivity to radially expanding patterns rather than contracting ones (Ball and Sekuler 1980) . Such a bias has been supported by a number of electrophysiological studies, finding that in the medial superior temporal (MST) area of macaque monkeys (an area that has been linked to the processing of optic-flow stimuli), more cells are tuned to radial expansion that to contraction (Albright 1989; . However, a psychophysical study that directly compared thresholds for radially expanding and contracting optic-flow stimuli found greater sensitivity to contracting patterns (Edwards and Badcock 1993) . Similarly, thresholds for the detection of linear vection, measured in terms of minimum image speed required to induce a sense of self-vection, are lower for backward motion than for forward (Berthoz et al 1975) .
A potential limitation to the study by Edwards and Badcock (1993) is that they used relatively small stimuli. Two different apertures were used, a circular one with a 12 deg diameter and an annular one with a 16 deg inner and 24 deg outer diameter (note that in the original paper, these values were incorrectly given as the radii of the annulus). Selfmotion results in full-field stimulation and, indeed, cells in MST typically have large receptive fields which require stimulation by correspondingly large stimuli in order to optimally respond. For example, found that many MST cells tuned to radial motion gave, at best, a weak response to a 20 deg diameter stimulus. These cells typically required stimulus diameters of between 40 deg and 80 deg for them to respond strongly. Additionally, the psychophysical study by Burr et al (1998) showed that the human optic-flow system pools motion signals over a large spatial extent, at least up to 70 deg. It is possible, therefore, that the stimuli used by Edwards and Badcock were too small to fully drive the optic-flow system, and so their results reflect the relative sensitivities of a different visual subsystem. One possibility discussed by Edwards and Badcock (1993) is that their results reflect the properties of cells in area PG, which are thought to be involved in the control of fine hand movements and which show a tuning preference for radially contracting motion (Steinmetz et al 1987) .
In the present study, we used large-field stimuli in order to optimally drive the optic-flow system. The aim of the study was to establish the relative sensitivities to radially expanding and contracting, and translating optic-flow patterns.
2.1 Methods and procedure 2.1.1 Observers. Three observers were used, the authors and one observer (NC) who was naive to the purpose of the experiments. All observers had normal or correctedto-normal visual acuity and no history of any visual disorders.
2.1.2 Apparatus. Stimuli were displayed on a lenticular optical rear-projection screen via an MT1030+ NEC projector which had a refresh rate of 80 Hz (8006640 pixels). The projector was driven by a Cambridge Research Systems VSG 2/5 in a host Pentium computer. Observers' responses were recorded via a button box.
2.1.3 Stimuli and procedure. Global-motion stimuli were presented within an annular aperture with an inner diameter of 5.9 deg and an outer diameter of 82 deg ( figure 1 ). There were 150 dots within the aperture, giving a dot density of 0.03 dots deg À2 . On each frame transition, the spatial-step size of each dot was 0.96 deg (8 pixels), with each motion frame being presented for 50 ms, resulting in a speed of 19.2 deg s À1 . A flat speed gradient was used in this experiment, with the effect of different speed gradients investigated in experiment 2. This combination of dot density and step size resulted in the low probability of false-motion signals occurring (Williams and Sekuler 1984) while still producing a vivid impression of self-motion. It was important to minimise false correspondences to ensure that the intended local-motion signals, and hence the intended optic-flow patterns, were extracted. The direction in which each dot moved was randomly chosen at the start of each motion frame, ie a random-walk stimulus (Scase et al 1996) . This applied both to signal and noise dots, meaning that although the number of signal dots was kept constant for each motion sequence, the actual dots that made up the signal group could vary; that is, the dots that comprised the signal group were randomly chosen at the start of each frame transition. This meant that the spatial arrangement, and eccentricity, of the signal dots varied from frame to frame. The background luminance of the display was 1.4 cd m À2 . The dots had a diameter of 0.96 deg and a luminance level of 71 cd m À2 , which resulted in a Michelson contrast of 96%. A white fixation cross (9.5 cd m À2 ) was presented at the centre of the viewing aperture.
A temporal, two-alternative forced-choice procedure was used. The two intervals were separated by a 500 ms delay. This delay was used to minimise any hysteresis effects (Williams et al 1986) . One of the intervals contained purely random motion (0% signal intensity) and the other contained the signal. The observers' task was to indicate the interval that contained the signal. No feedback was given whether the response was correct or not. Thresholds were established by means of a staircase procedure that converged on the 79%-performance level (ie a 3-down, 1-up staircase). Signal intensity was altered by varying the proportion of dots that moved in the signal direction. Eight reversals were used, with the threshold being taken as the mean of the last four, for which the step size was 1 dot. Each performance measure represents the mean of ten staircases. Observers sat in a dark room, 0.65 m from the screen with their heads supported by a chin-rest. Three types of optic-flow stimuli were tested: radial expansion, radial contraction, and, for comparison, frontoparallel patterns. The direction of the frontoparallel motion was always vertically up. All observers were tested with a 7-frame motion sequence, and one observer (NC) was also tested with a 4-frame sequence (see section 2.2 below).
Results and discussion
Thresholds (number of signal dots) are plotted for each observer for the three conditions in figure 2. Error bars show AE1 SEM. The patterns of relative sensitivities for the radial motion are the same for all three observers. Each observer has greater sensitivity (lower thresholds) for the radially contracting stimulus, as compared to the expanding stimulus. Note that for observer NC, the magnitude of this difference was quite low for the 7-frame sequence. This appeared to be the result of a ceiling effect, so this observer was tested again with a shorter motion sequence of 4 frames. This manipulation led to an overall elevation in his thresholds and also to an increase in the difference between the two radial conditions. The results for the frontoparallel conditions show no systematic effect. Subjects ME and NC showed higher thresholds for frontoparallel motion than for expansion. Conversely, subject MI showed lower thresholds for frontoparallel motion than for all other conditions (figure 2). Frontoparallel motion can generate small ocular tracking responses even during fixation. That is, the eyes move Figure 2 . Results for experiment 1. Thresholds (number of signal dots) for each observer for the expansion, contraction, and frontoparallel conditions. Thresholds for contraction were consistently lower than those for expansion. Error bars are standard errors.
slightly in the direction of the moving pattern in an attempt to stabilise the retinal motion (Ibbotson and Dreher 2005) . However, expanding or contracting patterns are unlikely to generate eye-tracking movements in any particular direction. We believe that the variability in the frontoparallel data probably relates to very small eye movements that consistently tracked the pattern in the same (upward) direction. The important finding is that thresholds for contracting stimuli were consistently lower than for expanding stimuli across the three subjects.
One additional check of the effect of stimulus size was conducted. In his electrophysiological study of neural responses in the middle temporal (MT) area of macaque cortex, Albright (1989) found more neurons sensitive to radial expansion than to contraction, but only at high eccentricities. He found no bias when he used a stimulus diameter of 12 deg. Consequently, we compared relative sensitivities to expansion and contraction by using an annulus with a larger inner diameter of 30 deg but the same outer diameter of 82 deg. This stimulus selectively tested the outer visual field. One observer (MI) was tested and produced thresholds of 15.4 dots (SE 0X86 dots, n 10) and 11.50 dots (SE 1X07 dots, n 10) for the expanding and contracting stimuli, respectively. As with the previous stimulus, the threshold for the contracting pattern was significantly smaller than for the expanding pattern (t-test: p 5 0X05). Overall, these results show that, even when a large-field stimulus is used, human observers are more sensitive to a radially contracting optic-flow pattern than to a radially expanding pattern (Edwards and Badcock 1993) .
3 Experiment 2: Sensitivity to different speed gradients Radial optic-flow stimuli are often represented with a positive speed gradient. That is, the speed of motion varies across the stimulus, going from zero at the point of fixation to maximum speeds at the periphery. However, the actual speed profile will depend upon the relative depths of objects in the visual scene. A positive speed gradient will occur when either all objects are at the same depth or when the central object(s) is further away than the peripheral ones (eg a corridor). Note that in these two cases, although the gradients will be positive, the actual shape of the gradient will depend upon the relative depths of the objects in the sceneöthe stimulus depth gradient. A negative speed gradient (high speed in the centre to low speed in the periphery) will occur when the central objects are closer than the peripheral ones. So, whereas radial stimuli are typically represented with a positive speed gradient, it is not necessarily the case that this speed gradient is the type of stimulus that the visual system will be most often confronted with.
Although a number of psychophysical studies have highlighted the importance of positive speed gradients, these studies have not directly dealt with relative sensitivity to the various types of gradients. For example, De Bruyn and Orban (1990) have shown that the presence of a positive speed gradient is important for the perception of three-dimensional rigid-body motion with radial motion stimuli. Additionally, developmental studies have shown that by 2 to 3 months human infants have a preference for radial optic-flow patterns that contain a positive speed gradient (Nanez 1988; Nanez and Yonas 1994; Shirai et al 2004) . These studies do not, however, indicate whether adult humans have a greater sensitivity for such stimuli.
The electrophysiological evidence on the importance of speed gradients is mixed. A number of studies have found that removing or adding a speed gradient to a radial motion pattern had a minimal effect on the response magnitude of radial-flow-sensitive neurons in the MST area of macaque cortex (Duffy and Wurtz 1991; . In contrast, the study by Duffy and Wurtz (1997) found that for cells tuned to radial motion (82 cells) the presence of a speed gradient resulted in a substantial change in response in about two thirds of units. Additionally, most of the neurons preferred either a positive (42%) or negative (18%) gradient, whereas about 13% preferred a flat gradient.
The aim of the present study was to directly test the effect of different speed gradients on human psychophysical performance by using large-field moving patterns that simulate the optic flow observed during locomotion. Radial optic-flow patterns were tested with positive, negative, spatially random, and flat (spatially constant) speed profiles.
3.1 Methods and procedure 3.1.1 Observers. Three observers were used, the two authors (ME and MI) and a third who was naive with respect to the aims of the study (SW). All observers had normal or corrected-to-normal visual acuity and no history of any visual disorders.
3.1.2 Stimuli and procedure. Radial-expansion patterns were tested with four different speed gradients: a positive-linear gradient in which the speed of all dots increased in a linear manner from 0 deg s À1 at the centre to the maximum speed of 19.2 deg s À1 at the edge of the aperture; a negative-linear gradient ömaximum speed in the centre and 0 deg s À1 at the aperture edge; a flat (zero) gradientöall dots moved at the same speed of 19.2 deg s À1 ; and a random gradientöthe same range of speeds were used as in the positive gradient condition; however, they were randomly assigned over the aperture (figure 1). Each motion sequence consisted of 5 image frames, resulting in a stimulus duration of 250 ms. All the other stimulus and procedural details were the same as those used in experiment 1.
Thresholds (number of signal dots) are plotted for each observer for the three conditions (figure 3). First, we compare the experiments in which there were speed variations across the screen (positive, negative, or random). These stimuli contain, on average, identical speed distributions, differing only in their spatial arrangement, so the strongest comparisons can be made between these conditions. Subject MI shows no difference across the three conditions. Subject ME shows no difference between negative and random but a significantly lower threshold for positive gradients (t-test: p 5 0X01). Subject SW shows no significant difference in threshold between random and negative gradients. Similarly, there is no significant difference between random and positive gradients. However, there is a small but significant difference between the thresholds for positive and negative gradients (t-test: p 5 0X05). Overall, the effects for subject SW indicate only minor changes across the positive, negative, and random patterns, in-line with the results from MI. Clearly, there is some variation between subjects but, across the three subjects, the only highly significant result was that ME had a significantly increased sensitivity for positive gradients. Given the variability of the effects between subjects and the generally small size of those effects, we conclude that there are no consistent differences between the processing of information for positive, negative, and random patterns. Though the results from the above patterns showed little consistent variation, the results from the flat-gradient pattern did reveal a consistent effect (figure 3). For all subjects, the flat gradient produced significantly lower thresholds than for the other three gradient conditions (t-test: p 5 0X01). In the flat-gradient condition, all dots moved at 19.2 deg s À1 , which was the maximum speed in the other three conditions. showed that, for speeds over the range of 2.9 to 92.4 deg s À1 , average activity of the radial-motion-tuned neurons in the middle temporal area of macaque monkey increased monotonically as speed was increased. It is possible, therefore, that the higher average speed in the flat-gradient condition may have resulted in the lower thresholds for that condition. To examine this possibility, we retested the flat-gradient condition on one observer (MI) with five speeds over the range 2.4 to 28.8 deg s À1 (figure 4). Thresholds vary with speed, in particular increasing dramatically for the lowest speed used. This finding supports the notion that the better performance obtained for the flat-gradient condition was due to that condition having a higher mean speed, and, in particular, not having the very low speeds (speeds lower than 4.8 deg s À1 ).
General discussion
The results of the present study show that the visual system is more sensitive to largefield radially contracting stimuli than to expanding ones (experiment 1) and that there are no consistent differences between the sensitivities to large-field radial stimuli that contain positive, negative, or random speed gradients (experiment 2). However, for radially expanding stimuli, a flat gradient produces consistently lower thresholds than positive, negative, or random gradients if it has a higher mean speed. Given that full-field stimuli (diameter of 82 deg) were used, we are confident that these results reflect the relative sensitivities of the optic-flow system. That there should be no consistent advantage for radial patterns that contained either positive or negative speed gradients, as compared to random gradients, is logical when the relative depth of the objects in the field of view is taken into account. The actual speed gradient in the optic-flow stimulus will depend upon the relative depth of the objects in the visual scene. A clear, positive linear gradient will be observed only if all of the objects in the field of view are at the same depth, or if the central objects are further away than the peripheral ones. In both of these cases, the gradient will be positive but the actual slope of the gradient will vary with the magnitude of the relative depth. If there is no systematic depth relationship between the objects in the visual scene, which is quite often the case in natural scenes, then there will be no systematic speed gradient, ie akin to our random-gradient condition. Also, given the sensitivity of many MT and MST cells to binocular disparity (DeAngelis and Newsome 1999; Eifuku and Wurtz 1999) , and that interactions between static-disparity and optic-flow cues have been shown in the judgment of heading (van den Berg and Brenner 1994; Best et al 2002) , it would be interesting to see if co-varying depth and speed magnitude has any effect on sensitivity to optic-flow stimuli. Note, however, that the presence of a speed gradient does affect direction discrimination tasks, with direction discrimination thresholds being lower for radial patterns that contain a speed gradient, compared to those that don't (Bearsley and Vaina 2005).
An ecological argument can be made for the visual system being more sensitive to radially contracting stimuli than to expanding ones. However, the obvious ecological argument would support the opposite pattern of sensitivity to that found in our study. Radially contracting stimuli are typically generated by backwards self-motion, and radially expanding stimuli by forwards self-motion. Given that we predominantly move forwards, we experience expanding patterns more often than we do contracting ones. Asymmetries in environmental stimulation can result in corresponding asymmetries in visual sensitivities (Blakemore and Van Sluyters 1975) , so if preferential environmental stimulation was the cause of the observed differences in optic-flow sensitivity, we would have observed greater sensitivity to expanding patterns than for contracting ones. Our finding of the opposite pattern of results indicates that these sensitivity asymmetries are not the result of preferential stimulation.
Balance control
An important use for large-field optic flow is in the control of postural sway during standing (van Asten et al 1988; Berthoz et al 1975; Lee and Lishman 1975; Lestienne et al 1977; Stoffregen 1985) and walking (Bardy et al 1996) . Therefore, one possible reason for greater sensitivity to contracting patterns is the functional requirements involved in maintaining balance. Swaying forward produces radial expansion and swaying backwards radial contraction. Given that our feet project forwards, it is easier for us to stop ourselves pitching forward than it is to stop pitching backwards, and we can do this over a greater pitch angle. Another way of thinking about this is that we can lean forwards by a greater angle than we can lean backwards. In order to maintain balance, it is therefore relatively more important for us to detect backward sway (radial contraction) than forward sway (expansion), hence the greater sensitivity for radial contraction than for expansion.
Supporting data for a role in postural control come from a study by Lestienne et al (1977) in which a tunnel-like visual stimulus was used to induce back-and-forth sway in standing subjects. Induced sway, as measured by the angle of the ankle joints, was in-phase with back-and-forth movements of the stimulus. They found that image flow towards the observer (which contained significant radial expansion) induced backward sway, whereas flow away from the observer (radial contraction) induced forward sway and that the amplitude of backward sway was 25% less than for forward sway. If the greater sensitivity to radially contracting patterns is as a result of the requirements of maintaining balance, then it is possible that there will be an interaction between the vestibular and optic-flow systems. Specifically, sensitivity to optic-flow signals may be enhanced when presented with a compatible vestibular signal (and degraded when paired with an incompatible one). We are currently investigating this possibility.
If the primary role of the asymmetry we report is to assist in sway control, it might be expected that maximum sensitivity would occur at very slow expansion/contraction speeds, as these are the speeds associated with postural control. That is, when standing still, the balance system would operate optimally at very slow image speeds, as the body swayed back and forth. Conversely, when walking, running or driving forwards, the speeds of expanding flow fields would be far higher. So it is possible that the contraction bias for radial motion would only be found at low speeds. We tested two subjects (MI and SW) À1 . For SW, contracting patterns showed significantly lower thresholds at all tested speeds (t-test: p 5 0X05). Both subjects showed strong asymmetries at low speeds, supporting the sway-control theory. That one subject also showed a strong asymmetry at high speeds perhaps suggests an additional role in some people for behaviours where high speeds occur.
Linking psychophysical sensitivities and neural biases
The pattern of psychophysical sensitivities both to speed gradients and to direction of radial motion do not mirror the apparent neural bias in macaque monkeys in terms of the relative number of cells (Albright 1989; . It is possible that relative performance in other types of psychophysical performance would mirror the neurological pattern, eg the ability to discriminate different directions of opticflow motion. Such a possibility is consistent with the study of Gros et al (1998) , who observed that although detection thresholds for unidirectional motion were uniform over different directions of motion, thresholds for direction discrimination were better around cardinal directions. Similarly, Beardsley and Vaina (2005) found that direction-discrimination thresholds for radial patterns were lower than for circular or spiral patterns, which mirrors the proportion of cells tuned to those directions in MSTd. One possibility is that different patterns of neural interactions occur, and hence different performance asymmetries would be obtained, for stimuli that contain threshold and suprathreshold signal levels (Beardsley and Vaina 2005) .
If the observed pattern of human psychophysical performance for the different motion stimuli observed in the present study does not reflect the relative number of cells tuned to those patterns in macaques, and assuming that the neural bias in humans is similar to macaques, what could be the underlying neural basis for the present finding? Of course, we are making the reasonable assumption that the observed psychophysical asymmetries must result from some underlying neural asymmetry. There is at least one possible explanation that could be readily tested by recording from macaque cortex. The studies of postural sway and the physiological investigations have always used suprathreshold stimuli, whereas we used threshold stimuli. In our stimulus, threshold levels were found by adjusting the total number of coherently moving dots. This is a well-established technique for recording motion-detection thresholds both perceptually and physiologically Newsome 1995a, 1995b; Badcock 1993, 1994; Newsome and Pare 1988) .
The amplitudes of postural sway were found to be logarithmically proportional to the density (spatial frequency) of the image pattern (Lestienne et al 1977) , and the responsiveness of global sensitive neurons in the MST area of macaque monkey is size sensitive . There is a progression in receptive field (RF) size from cells with very small unidirectional RFs in V1 (Conway and Livingstone 2003) to those with larger unidirectional RFs in MT (Livingstone et al 2001) , to very large radial-motionspecific RFs in MST . Moreover, the cells in V1 are known to provide input to cells in MT (Movshon and Newsome 1996) , some of which presumably project to MST (Maunsell and van Essen 1983; Merigan and Maunsell 1993) . It is possible that the total number of radially tuned neurons in MST is higher for expansion detection but that the total number of local-motion detectors (arising originally from V1) within each of their receptive fields is lower than for contraction-detecting neurons. This situation would lead to physiologists finding a bias for expansion sensitive neurons in MST and a stronger suprathreshold drive to optic-flow sensitive perceptual systems. However, when the total number of coherently moving dots is low, the larger number of local-motion detectors feeding into the contraction-specific neurons in MST would produce a higher sensitivity to contracting stimuli. This proposal provides an interesting avenue for future research into the relative densities of motion detectors within the RFs of expansion-and contraction-specific neurons in MST.
